The stimulator of interferon genes (STING) plays a crucial role in the recognition of a viral infection and subsequent stimulation of an immune response. However, it is unclear whether methylation of the STING promoter affects STING transcription and response to antiviral therapy. The present study determined the methylation status of the STING promoter in patients with chronic hepatitis B (CHB).
Introduction
Hepatitis B virus (HBV) infection is an important global public health problem affecting approximately 2 billion people. [1] Approximately 240 million people are chronically infected with HBV worldwide [2] ; hepatitis B and its associated complications, such as cirrhosis and hepatocellular carcinoma, account for 686,000 deaths annually. [3] An immune response induced during the course of HBV infection promotes hepatic injury. [4] HBVinfected hepatocytes function as target cells and are essential players in inducing host immune response. [5] However, it is unclear why patients with chronic hepatitis B (CHB) show an immunocompromised status.
The stimulator of interferon genes (STING) plays a crucial role in the recognition of a viral infection and subsequent stimulation of an immune response. Patients with CHB show the persistent presence of HBV in their hepatocytes or sera. [6, 7] STING contributes to the induction of an early immune response against HBV infection, which may help in more effective clearance of the virus by host. [8] Some studies have suggested that cyclic GMP-AMP synthase (cGAS)-STING pathway plays a role in inhibiting HBV replication in hepatocytes. [9] [10] [11] [12] Furthermore, STING activation in liver-resident immune regulatory cells and hepatocytes suppresses HBV replication. [5] One study has reported that STING deficiency in hepatocytes promotes HBV infection. [8] Epigenetics defines all heritable changes in gene expression occurring during meiosis and mitosiswith without altering the DNA sequence. [13] DNA methylation is an epigenetic modification that regulates the transcription of genes and affects the development of common diseases. [13, 14] DNA methylation involves the addition of a methyl group to the cytosine residue in CpG dinucleotides and leads to gene silencing if it occurs in the promoter region of a gene. [15] Hypermethylation of CpG dinucleotides in gene promoters interferes with gene transcription and downregulates gene expression. [16, 17] Patients with CHB do not express appropriate levels of STING. [18] Therefore, it is reasonable to suspect that the STING promoter is hypermethylated in patients with CHB. However, it is unclear whether the methylation of the STING promoter affects STING transcription and is associated with response to antiviral therapy in patients with CHB.
At present, bisulfite modification and methylation-specific polymerase chain reaction (MSP) are commonly used methods for detecting DNA methylation. [19] In the present study, we performed MSP to investigate the methylation status of the STING promoter in peripheral blood mononuclear cells (PBMCs) of patients with CHB and healthy controls (HCs). Moreover, we performed reverse transcription-quantitative polymerase chain reaction (RT-qPCR) to assess STING mRNA expression in the PBMCs of the patients with CHB and HCs. Furthermore, we examined whether the methylation status of the STING promoter affected the regulation of STING mRNA expression and response to antiviral therapy.
Methods

Study population
The study enrolled 218 participants, of which 179 participants had CHB, which was confirmed by performing clinical and laboratory evaluations, and 39 participants were HCs. Patients with CHB were enrolled according to the practice guidelines for managing CHB established in the 2018 update of the American Association for the Study of Liver Diseases. Patients were diagnosed with CHB based on the presence of HBsAg for at least 6 months and at elevated alanine aminotransferase (ALT) levels. [20] All the patients with CHB had increased serum ALT levels (>40 U/L). These patients visited the Department of Hepatology, Qilu Hospital of Shandong University, from January 2016 to January 2018. However, 20 patients with CHB were excluded from the study because they had co-existing hepatocellular carcinoma (14 patients), fatty liver disease (4 patients), and hepatitis C infection (2 patients). Thus, the present study included 159 patients with CHB. Of these, 83 patients received antiviral therapy and 76 patients did not receive antiviral treatment. Of the 83 patients who received the antiviral therapy, 51 patients received entecavir and 32 patients received adefovir. Moreover, 22, 32, 16, and 13 patients out of the 83 patients who received the antiviral therapy were previously treated for 1 to 6, 6 to 12, 12 to 24, and >24 months, respectively. Written informed consent was obtained from all the study participants in accordance with the Declaration of Helsinki, [21] and study protocols were approved by the local research and ethics committee of the Qilu Hospital of Shandong University.
Genomic DNA extraction and bisulfite conversion
Genomic DNA was extracted from the PBMCs of the study participants by using QIAamp DNA Blood Mini Kit (QIAGEN, Hilden, Germany), according to the manufacturer's protocol, and was stored at À20°C until further use for performing bisulfite conversion. The concentration and purity of the extracted DNA were measured using Eppendorf Biophotometer (Brinkmann Instruments, Westbury, NY). Bisulfite conversion was performed by treating the genomic DNA with EZ DNA Methylation-Gold Kit (Zymo Research Corp, Orange, CA), according to the manufacturer's instructions. Finally, 20 mL modified DNA was immediately used as a template for MSP or was stored at À20°C.
Methylation-specific polymerase chain reaction
The stimulator of interferon genes promoter-specific methylated and unmethylated primers were designed using MethPrimer according to recommended criteria. [22] The sequences of these primers are as follows: methylated forward primer: 5 0 -TTAGGTTGGAGTGTAATGGTACG-3 0 , methylated reverse primer: 5 0 -AAATTAACTAAACGTAATAACGCA-3 0 , unmethylated forward primer: 5 0 -TAGGTTGGAGTGTAATGGTATGA-3 0 , and unmethylated reverse primer: 5 0 -AAAAATTAACTAAA-CATAATAACACAT-3 0 . Amplification was performed in a 25-mL reaction mixture containing 1 mL bisulfite-modified DNA, 0.5 mL of each primer (10 mM), 10.5 mL nuclease-free water, and 12.5 mL Premix Taq (Zymo Research Corp). PCR was performed using the following conditions: initial denaturation at 95°C for 10 minutes; 40 cycles of denaturation at 94°C for 30 seconds, annealing at 60.5°C (for methylated STING primers) or 58°C (for unmethylated STING primers) for 30 seconds, primer extension at 72°C for 30 seconds; and final extension at 72°C for 10 minutes. Water without the modified DNA was used as a negative control. PCR products were electrophoresed on 2% agarose gels stained with Gelred (Biotium, CA) and visualized under UV illumination. Each reaction was replicated 3 times.
RNA extraction from PBMCs and RT-qPCR
Total RNA was extracted from the PBMCs of the study participants by using phenol-chloroform-isopropanol method, according to a recommended protocol, and was suspended in 20 mL RNase-free water. Next, cDNA was synthesized using a first-strand cDNA synthesis kit (Fermentas, Vilnius, Lithuania), according to the manufacturer's instructions. RT-qPCR to measure STING mRNA level was performed using SYBR Green (Toyobo, Osaka, Japan) and Agilent Technologies Stratagene Mx3005P instrument (Stratagene, La Jolla, CA), with the b-actin gene as an internal control and the following condition: initial denaturation at 95°C for 30 seconds, followed by 45 cycles of denaturation at 95°C for 5 seconds, annealing at 60°C for 30 seconds, and a final extension at 72°C for 30 seconds. The RTqPCR was performed using the following primers: STING forward:
0 -CACCATTGGCAATGAGCGGTTC-3 0 , and b-actin reverse 5 0 -AGGTCTTTGCGGATGTCCACGT-3 0 . [5] Each reaction was conducted in triplicate, and mRNA expression was evaluated using a comparative (2-DDCt) method.
Clinical features of the study participants
The levels of serum biochemical markers, including aspartate aminotransferase (AST), ALT, g-glutamyl transferase (GGT), alkaline phosphatase (AKP), total bilirubin (TBIL), albumin (ALB), blood urea nitrogen (BUN), and creatine (Cr), were determined using COBAS Integra 800 (Roche Diagnostics, Penzberg, Germany). Serum HBV DNA load was determined using ABI 7300 PCR System (Applied Biosystems, Foster City, CA), and HBsAg and HBeAg levels were determined using COBAS 6000 analyzer series (Roche Diagnostics, Basel, Switzerland). Prothrombin time (PT) and prothrombin activity (PTA) were quantified using ACL TOP 700 (Instrument Laboratory, Lexington, MA). All Virological response was defined as the absence of serum HBV DNA during therapy or reduction in serum HBV DNA level to >1 log IU/mL after 24 weeks of oral antiviral therapy in adherent patients. All the responses to antiviral therapy were recorded after 12 weeks of therapy. [2] 3. Results
General characteristics of the study participants
This study included 159 patients with CHB and 39 HCs. The basic demographic and clinical characteristics of the study participants are shown in Table 1 . Significant differences were observed between the patients with CHB and the HCs with respect to ALT (P < .001), AST (P < .001), GGT (P < .001), AKP (P = .001), TBIL (P = .003), ALB (P < .001), BUN (P = .003), and Cr (P = .001) levels; PT (P < .001); and PTA (P < .001). However, no difference was observed between the patients with CHB and the HCs with respect to gender (P = .297) and age (P = .230).
Methylation status of the STING promoter in the patients with CHB and HCs
The methylation status of the STING promoter was determined by performing MSP. Hypermethylated STING promoter was detected in the PBMCs of 111 out of 159 (69.81%) patients with CHB and 9 out of 39 (23.08%) HCs. The methylation frequency of the STING promoter was significantly higher in the patients with CHB than in the HCs (P < .001; Fig. 1A ). STING promoter methylation was detected in 64 of the 83 patients with CHB who received the antiviral therapy and in 47 of the 76 patients with CHB who did not receive the antiviral therapy. Moreover, the methylation frequency of the STING promoter was higher in the patients who received the antiviral therapy than in those who did not receive the antiviral therapy (P = .036; Fig. 1B ). However, no significant difference in the methylation frequency of the STING promoter was observed between entecavir (ETV) and adefovir (ADV)-treated patients with CHB and among patients with a history of antiviral therapy ( Fig. 1C and D ). Fig. 1E shows a typical representative MSP assay of STING promoter methylation. Table 2 shows the association between the methylation of the STING promoter and the clinical features of the patients with Table 1 General characteristics of the enrolled participants.
Correlation between the methylation of the STING promoter and the clinical features of patients with CHB
Variables CHB (n = 159) HCs (n = 39) P Table 2 The association of STING promoter methylation and clinical features of the patients with CHB patients.
STING methylation status in PBMCs
Paramaters Methylated (n = 111) Unmethylated (n = 48) P CHB. STING promoter methylation was significantly correlated with HBV DNA (P = .035), ALT (P = .040), AST (P = .043), GGT (P = .035), and AKP (P = .030) levels. HBV DNA positivity was higher in the patients with CHB having methylated STING promoters than in those having unmethylated STING promoters (P = .035). However, no correlation was observed between STING promoter methylation and sex; age; HBeAg, TBIL, ALB, BUN, and Cr levels; PT; and PTA (P > .05 for all).
Results of multivariate logistic regression analysis indicated that only HBV DNA was independently correlated with an increased risk of STING promoter methylation (P = .027), whereas sex; age; HBeAg, ALT, AST, GGT, AKP, TBIL, ALB, BUN, and Cr levels; PT; or PTA were not correlated with an increased risk of STING promoter methylation (Table 3) .
STING mRNA level in PBMCs
The STING mRNA level was evidently lower in the patients with CHB than in the HCs (P < .001; Fig. 2A ). Meanwhile, STING mRNA level was significantly lower in both the patients with CHB (P = .023; Fig. 2B ) and HCs (P < .001; Fig. 2C ) having methylated STING promoters than in those having unmethylated STING promoters. Moreover, STING mRNA level was lower in the patients showing HBV DNA positivity than in those showing HBV DNA negativity (P = .046; Fig. 2D ). However, no obvious difference in STING mRNA level was observed between the patients showing HBsAg positivity and negativity, and between the patients showing HBeAg positivity and negativity ( Fig. 2E  and F, respectively) . The methylation status of the STING promoter was negatively correlated with the STING mRNA level in patients with CHB (r = À0.204, P = .010). We also analyzed the correlation between the STING mRNA level and the clinical features of the patients with CHB to determine the possible correlation between STING promoter methylation and CHB severity. No evident correlation was observed between the STING mRNA level and HBsAg level (r = 0.101, P = .203); HBeAg level (r = 0.075, P = .350); AST, GGT, AKP, TBIL, and ALB levels; PT; and PTA. However, the STING mRNA level was negatively correlated with ALT level (r = À0.218, P = .006) and HBV DNA (r = À0.159, P = .046), and was positively correlated with BUN (r = 0.214, P = .017) and Cr level (r = 0.191, P = .033) ( Fig. 2G-P) .
Response of the patients with CHB to antiviral therapy
Because some patients missed their follow-up visits, the outcomes of only 63 patients with CHB (41 ETV-treated patients and 22 ADV-treated patients) were used to evaluate responses to the antiviral therapy. A marked difference in the virological response was observed between the ETV and ADV-treated patients with CHB (P = .023; Table 4 ); however, no difference was observed in the biochemical and serological responses of these patients. The virological response frequency was higher in the ETV-treated patients than in the ADV-treated patients (P = .023). However, the virological response frequency was lower in the ETV-treated patients with methylated STING promoters than in those with unmethylated STING promoters (P = .046). However, no significant difference in the virological response frequency was observed between the ADV-treated patients with methylated and unmethylated STING promoters (P = .127). Moreover, no significant difference in the virological response frequency was observed in the 63 patients with CHB with methylated and unmethylated STING promoters (P = .464; Fig. 3) .
Results of the univariate analysis showed no association between the virological response and clinical characteristics of the patients with CHB, except for ALT (P = .011) and AST (P = .012) levels (Table 5) . Multivariate logistic regression analysis was performed to assess the association of virological response with some clinical characteristics of the patients with CHB (P < .2), STING mRNA level, STING promoter methylation status, and antiviral therapy. Results of the multivariate logistic regression analysis showed that only ALT level (P = .038) and antiviral therapy (P = .011) were associated with the virological response ( Table 6 ).
Univariate analysis of the ETV-treated patients with CHB showed no association between the clinical characteristics of these patients and virological response (Table 7) . Therefore, ALT and AST levels (P < .2), STING mRNA level, and STING promoter methylation status were used to perform multivariate logistic regression analysis. Results of this analysis showed that only STING promoter methylation status (P = .027) was associated with and that ALT level (P = .091), AST level (P = .912), and STING mRNA level (P = .329) were not associated with the virological response. The number of ADVtreated patients with CHB was very less to perform univariate and multivariable logistic regression analyses for assessing the association of the clinical characteristics, STING mRNA level, STING promoter methylation status, and antiviral therapy with virological response in these patients.
Discussion
To our knowledge, this is the first study to investigate the methylation status of the STING promoter in patients with CHB. In the present study, we found that the methylation frequency of the STING promoter was higher in the patients with CHB than in the HCs. Moreover, we found that the methylation frequency of the STING promoter was higher in the patients with CHB receiving antiviral therapy than in those not receiving the antiviral therapy. The STING mRNA level was lower in the patients with CHB than in the HCs. Moreover, the STING mRNA level was lower in the patients with CHB having methylated STING promoters than in those having unmethylated STING promoters. Furthermore, we found that the methylation status of the STING promoter was negatively correlated with the STING mRNA level. HBV DNA positivity was evidently higher in the patients with CHB having methylated STING promoters than in those having unmethylated STING promoters; moreover, presence of HBV DNA was correlated with an increased risk of (N-P) Significant correlations were observed between the STING mRNA level and ALT (Spearman r = À0.218, P = .006), BUN (Spearman r = 0.214, P = .017), and Cr (Spearman r = 0.191, P = .033) levels. * P < .05; * * * P < .001. AKP = alkaline phosphatase, ALB = albumin, ALT = alanine aminotransferase, AST = aspartate aminotransferase, BUN = blood urea nitrogen, CHB = chronic hepatitis B, Cr = creatine, GGT = g-glutamyl transferase, HBeAg = hepatitis B e antigen, HBsAg = hepatitis B surface antigen, HBV = hepatitis B virus, HCs = healthy controls, PT = prothrombin time, PTA = prothrombin activity, STING = the stimulator of interferon genes, TBIL = total bilirubin.
Table 4
The response to antiviral therapy in patients with CHB. STING promoter methylation. In addition, HBV DNA positivity was negatively correlated with the STING mRNA level. The virological response was higher in the ETV-treated patients with CHB than in ADV-treated patients with CHB. Among the ETVtreated patients, the virological response frequency was lower in the patients having methylated STING promoters than in those having unmethylated STING promoters. Therefore, we concluded that STING methylation suppressed the effect of STING in inhibiting HBV replication and thus could be a potential therapeutic target for treating patients with CHB. Hepatitis B virus is an enveloped double-stranded DNA virus, and a complex interaction between the host immune system and the replicating virus leads to HBV infection. [23, 24] cGAS-cGAMP-STING pathway is essential for DNA-mediated immune response. [25] Cytoplasmic DNA activates cGAS to produce cGAMP, which binds to STING to induce type I interferons (IFNs). [26, 27] A recent study reported that STING agonists prevented HBV infection by inducing an innate antiviral immune response. [28] Another study reported that STING activation suppressed HBV replication. [5] Several studies have reported that DNA methyltransferases (DNMTs) mRNA level is significantly higher in patients with CHB than in HCs, and that persistent HBV infection stimulates DNMT overexpression. [29, 30] The present study showed that STING mRNA level was negatively correlated with STING promoter methylation status and HBV DNA positivity in the patients with CHB. Gene promoter methylation is usually associated with transcriptional silencing and may result in gene function loss.
[31] Therefore, we hypothesized that the hypermethylation of the STING promoter reduced STING mRNA expression by decreasing gene transcription in patients with CHB, thus weakening the effect of STING on the inhibition of HBV replication.
A previous study suggested that some therapies influence DNA methylation status. [32] Similarly, the present study showed that the methylation frequency of the STING promoter was higher in the patients receiving the antiviral therapy than in those not receiving the antiviral therapy. However, no difference in the methylation frequency of the STING promoter was observed between the ETV and ADV-treated patients with CHB. Therefore, we hypothesized that these antiviral drugs increased the DNA methylation status by themselves or by affecting HBV DNA replication. Interestingly, we found that the methylation frequency of the STING promoter increased with time; however, AKP = alkaline phosphatase, ALB = albumin, ALT = alanine aminotransferase, AST = aspartate aminotransferase, BUN = blood urea nitrogen, CHB = chronic hepatitis B, CI = confidence interval, Cr = creatine, GGT = g-glutamyl transferase, HBeAg = hepatitis B e antigen, HBsAg = hepatitis B surface antigen, OR = odds rate, PT = prothrombin time, PTA = prothrombin activity, TBIL = total bilirubin. this increase was not statistically significant. Therefore, additional studies involving a large sample size are needed to investigate whether methylation frequency of the STING promoter is associated with the history of antiviral therapy. Assessment of liver disease severity is crucial and is based on physical examination and evaluation of biochemical parameters such as ALT, AST, GGT, AKP, and BUN level, and PT. [33] In the present study, STING promoter methylation was significantly associated with ALT (P = .040), AST (P = .043), GGT (P = .035), and AKP (P = .030) levels. STING mainly activates type I IFN expression. [10] We observed that the patients with CHB having high ALT levels showed high STING methylation frequency. These results suggest that methylation of the STING promoter inhibits type I IFN secretion and induces a weak innate anti-HBV response during the immune clearance of CHB. These results are consistent with those of previous studies that reported that IFN-g rather than type I IFN mainly contributed to immune clearance. CD8+ T cells and IFN-g secretion play critical roles in HBV clearance in patients of CHB. [34] The early stage of acute HBV infection is characterized by the induction of interleukin-10 rather than of type I IFNs. [35] Therefore, we believe that the hypermethylation of the STING promoter contributes to the severity of CHB.
Entecavir and ADV are broadly used for treating patients with CHB. In the present study, the virological response frequency was higher among the ETV-treated patients with CHB than among the ADV-treated patients with CHB (P = .023). Moreover, we found that the antiviral therapy was associated with the virological response (P = .011). Similar to the results of some previous studies, [36, 37] the results of the present study suggest that ETV induces a more potent virological response than ADV in patients with CHB. Moreover, our results suggest that the methylation of the STING promoter affects the efficacy of antiviral therapy. We found that the virological response frequency was evidently lower in the ETV-treated patients with CHB having methylated STING promoters than in those having unmethylated STING promoters (P = .046). Moreover, we found that the virological response was evidently associated with the methylation status of the STING promoter (P = .027). A separate analysis of the 63 patients with CHB and of the ADV-treated patients with CHB showed no obvious difference in the virological response frequency between the patients with methylated and unmethylated STING promoters. This may be associated with the very less number of patients in the ADV treatment group. However, we still believe that the methylation of the STING promoter reduces the effect of antiviral drugs (at least ETV).
However, the present study has some limitations. First, MSP is a qualitative method for detecting DNA methylation, and other methods such as direct sequencing may provide detailed information on DNA methylation status. However, because MSP is easy to perform, it can be used for the primary screening of patients suspected of having methylated DNA. Second, HBV replication occurs in hepatocytes. However, it is out of reality that all the patients accept the liver biopsy in real world. The present study was aimed to determine whether STING promoter methylation in PBMCs was a promising noninvasive biomarker in the clinical setting. Therefore, we investigated STING promoter methylation in PBMCs rather than in hepatocytes. Third, the number of patients receiving ADV was very less, which may have affected some study results. Therefore, additional studies involving a large sample size are needed to confirm the findings of the present study.
Conclusions
In conclusion, the present study is the first to report the elevated methylation frequency of the STING promoter in patients with CHB. We found that the methylation of the STING promoter and transcriptional repression of STING were associated with HBV replication and CHB severity. Moreover, we observed that in patients with ETV therapy, there was a decreased virological response frequency in the patients with CHB having methylated STING promoters. Thus, the hypermethylation of the STING promoter can be used to develop potential new prevention and treatment strategies for patients with CHB, especially for patients who are sensitive to ETV therapy. AKP = alkaline phosphatase, ALB = albumin, ALT = alanine aminotransferase, AST = aspartate aminotransferase, BUN = blood urea nitrogen, CI = confidence interval, Cr = creatine, ETV = entecavir, GGT = g-glutamyl transferase, HBeAg = hepatitis B e antigen, HBsAg = hepatitis B surface antigen, OR = odds rate, PT = prothrombin time, PTA = prothrombin activity, TBIL = total bilirubin.
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